Abstract -Cyanobacterial toxins are a global threat to aquatic organisms; however, they represent only one group of bioactive cyanobacterial metabolites. Very little is known about the effects of other cyanobacterial products (e.g., non-ribosomal oligopeptides) on freshwater macrophytes. Our experimental study revealed that the development of young duckweed Spirodela polyrhiza was inhibited by two aquatic extracts of cyanobacterial bloom samples predominated by Planktothrix agardhii and pure microcystin-LR (MC-LR). The extracts differed considerably in the content of MCs and other oligopeptides; they contained three or four MC variants and several other oligopeptides such as anabaenopeptins, aeruginosins, and planktocyclin. Their toxic effects on young plants (first frond area, root number, fresh biomass, and chlorophyll a content) were different. The more phytotoxic extract obtained from a higher cyanobacterial biomass contained a lower total MC concentration and different anabaenopeptin variants (e.g., anabaenopeptin H, G, HU892, and E/F) as well as planktocyclin, which were not present in another extract with a higher MC concentration. The obtained results suggested that P. agardhii oligopeptides other than MCs are harmful to young duckweeds and may exert even stronger toxic effects than MC-LR. The production of various variants of MCs together with other oligopeptides, and their toxicity to aquatic plants varied over seasons depending on the taxonomic composition of the cyanobacterial bloom. Germinated turions of S. polyrhiza can be used as a sensitive bioindicator of the cyanobacterial threat in aquatic ecosystems.
des effets toxiques encore plus importants que les MC-LR. La production de diverses variantes de MCs avec d'autres oligopeptides et leur toxicité pour les plantes aquatiques ont varié au fil des saisons en fonction de la composition taxonomique du bloom cyanobactérien. Les turions germés de S. polyrhiza peuvent être utilisés comme bioindicateur sensible de la menace cyanobactérienne dans les écosystèmes aquatiques.
Introduction
Harmful cyanobacterial blooms are a global threat to aquatic ecosystems (Metcalf and Codd, 2012; Pearl, 2014) . In eutrophic freshwaters of the temperate climate zone, heavy water blooms formed by several cyanobacterial genera such as Microcystis, Dolichospermum (syn. Anabaena), and Planktothrix frequently develop (O'Neil et al., 2012) . These cyanobacteria produce a set of different variants of hepatotoxic microcystins (MCs) as well as other oligopeptides (Welker and von Döhren, 2006) having diverse biological activities (e.g., inhibition of proteases or other metabolically important enzymes; Chlipala et al., 2011) . In European lakes and dam reservoirs with nutrient-rich waters, blooms of MC-producing and some non-producing Planktothrix agardhii have been frequently reported (Yepremian et al., 2007; Briand et al., 2008; Pawlik-Skowrońska et al., 2008; Rohrlack et al., 2009) . It is impossible to predict the development of particular subpopulations À toxic and/or non-toxic À within cyanobacteria because of the differences at the level of expression of the genes involved in the MC biosynthesis and in the effects of variable environmental factors (Briand et al., 2008) . As reported recently by Kurmayer et al. (2016) , among the P. agardhii populations, both high MC-producing and low MCproducing strains occur, and the genotypic variation concerns both MCs and other bioactive oligopeptide synthesis genes. The accumulation and toxic effects caused by MCs in animal organisms were noted (Pawlik-Skowrońska et al., 2013; Toporowska and Pawlik-Skowrońska, 2014; Barrios et al., 2015) . Toxic effects (e.g., inhibition of photosynthesis and reduction in growth) of the individual MCs MC-LR and MC-RR towards some aquatic plants were also reported (Weiss et al., 2000; Pietsch et al., 2001; Wiegand and Pflugmacher, 2005; Mitrovic et al., 2005) . MCs that are inhibitors of protein phosphatases PP1 and PP2A constitute less than 20% of the oligopeptides produced by cyanobacteria (Wiegand and Pflugmacher, 2005) ; however, little information is available on the toxic activity of cyanobacterial metabolites, other than MCs, towards aquatic organisms. During cyanobacterial water blooms, MCs occur mainly intracellularly; however, during and after the bloom decay, they occur in high concentrations in the surrounding water. For example in spring, in a Polish lake with P. agardhii bloom 11 mg L À1 of dissolved MCs was found (Pawlik-Skowrońska et al., 2008) . Nasri et al. (2004) reported 712 mg L À1 of dissolved MCs during Microcystis bloom collapse. Even up to 1800 mg MCs L À1 was found after the treatment of the bloom with an algicide (Jones and Orr, 1994) . Approximately 600 different oligopeptides having various biological activities have been reported in cyanobacteria (Welker and von Döhren, 2006) . They can also be released from the decaying cells into the surrounding water; therefore, there is an urgent need for the complete understanding of their toxicological potential in inland waters. Thus far, apart from MC-LR, very little is known about the effects of other cyanobacterial oligopeptides on aquatic plants. For example, in the green macroalga Cladophora fracta and aquatic macrophytes (Wolffia arrhiza and Ceratophyllum demersum), MC-LR-induced changes in the activity of stress enzymes were observed (Pflugmacher, 2004; Mitrovic et al., 2005) . Toxic effects of the Microcystis extract on the growth and chlorophyll content of two species of Lemnaceae have also been reported (Romanowska-Duda et al., 2002; Saqrane et al., 2007) . Microcin Sf608 isolated from Microcystis sp. inhibited the activity of several enzymes in water moss (Wiegand et al., 2002) . The toxin-producing cyanobacterium P. agardhii, common in the eutrophic natural and artificial water bodies of the temperate zone, causes perennial water blooms (Halvsted et al., 2007; Arnaud et al., 2008; PawlikSkowrońska et al., 2008) . MCs released from cells after bloom collapse remain in water until the following spring (Pawlik-Skowrońska et al., 2008) and can affect the development of aquatic plants. The oligopeptide profiles of cyanobacterial bloom samples may change with time and taxonomic structure. Therefore, we studied the oligopeptide profiles of two P. agardhii-dominated blooms sampled in different years and the effects of these metabolites on the early stage of development of Spirodela polyrhiza, a duckweed, that inhabits inland waters. The aim of this study was to highlight the possible contribution of oligopeptides, other than MCs, to the cyanobacterial toxicity towards aquatic plants.
Materials and methods

Organisms
S. polyrhiza turions (dormant stage of the plant), used in the bioassays, were obtained within the framework of the Interlaboratory Comparison of the Spirodela Duckweed Microbiotest (MicroBioTests Company). "Steinberg medium" prescribed by ISO for Lemna toxicity tests (ISO 20079, 2005) was used for the germination of the S. polyrhiza turions as a growth medium for the young plants. Turions were incubated in a Petri dish with the sterile medium for 3 days at 25°C with continuous "top" illumination (6000 lux) according to the instruction of the producer.
Two P. agardhii-dominated bloom samples (Pa-A and Pa-B) were collected in the surface layer of water in the shallow (max. depth: 2.9 m) and hypertrophic Lake Syczyńskie (E. Poland, 51°17ʹ12ʺN, 23°14ʹ16ʺE) in the summer 2008 and 2010, respectively. The biomass of Pa-A scum sample consisted in 97% of P. agardhii and in about 3% of Aphanizomenon gracile and Dolichospermum spp., while the biomass of Pa-B bloom sample concentrated with a phytoplankton net (25 mm) consisted in 95% of P. agardhii and in 5% of Microcystis aeruginosa. The quantitative composition (abundance and biomass) of cyanobacteria was analysed by light microscopy (Zeiss Primo Star) in a 1-mL phytoplankton Sedgewick-Rafter chamber. Fresh weight (FW) of cyanobacteria was obtained by measuring the biovolume of 30-50 individuals in accordance with Hillebrand et al. (1999) and multiplication of the results by the abundance of particular taxa. The chlorophyll a concentration in the extracts of the cyanobacterial bloom samples was determined according to PN-ISO 10260 (2002) .
Extraction and HPLC-DAD analysis
Dense samples of the cyanobacterial biomass (5 mL) were used to prepare crude extracts for the determination of MCs and toxicological bioassays. The material was briefly sonicated, and after centrifugation (14 000 Â g for 10 min at 17°C), the supernatants were collected and frozen (À20°C) until the day of cyanotoxin analysis and bioassays.
The HPLC-photodiode array detection system (Shimadzu) was used for the detection and preliminary identification of MC in the crude cyanobacterial extracts. The UV detection range was 200-300 nm. MC-LR, ÀRR, ÀYR, ÀLA, ÀLY, ÀLW, ÀLF, ÀWR, and ÀHtyR (Alexis) were used as the standards. The extract components were separated using a Purosphere column (125 mm Â 3 mm, dp 5 mm, Merck) with the mobile phase composed of acetonitrile (Merck): water acidified with 0.05% trifluoroacetic acid (gradient: 30%-100%), at a flow rate of 0.7 mL min À1 .
LC-MS/MS analysis of oligopeptides
Two 10-mL P. agardhii-dominated bloom samples (Pa-A and Pa-B) were filtered onto the GF/C glass-fibre filters (Whatman). The material was extracted with 2.0 mL of 5% acetic acid in Milli-Q water by 1-min probe sonication with an ultrasonic disrupter (HD 2070 Sonopuls, Bandeline, Berlin, Germany) followed by 15 min of bath sonication (Sonorex, Bandeline, Berlin, Germany). The samples were then centrifuged at 10 000 Â g for 15 min, and the obtained supernatants were subjected to an LC-MS/MS analysis. Agilent 1200 (Agilent Technologies, Waldboronn, Germany) coupled online to a hybrid triple quadrupole/linear ion trap mass spectrometer (QTRAP5500, Applied Biosystems, Sciex; Concorde, ON, Canada) was used for the analysis, as described in Mazur-Marzec et al. (2013) .
Toxicity bioassays
The toxicity bioassays were performed in five replicates in cups (V = 2 mL) of multi-well plates using the Steinberg medium (the same as that for the germination of S. polyrhiza turions). Each 72-h-old plant was placed into experimental cups containing 332 and 3320 mg of pure MC-LR per litre, or five dilutions of the two extracts Pa-A and Pa-B, obtained from the cyanobacterial blooms sampled in two different years. Both cyanobacterial crude extracts (Pa-A and Pa-B) used in the toxicity bioassays were diluted from 2 to 16 times. As a result, the final concentration ranges of MCs from 71 to 1136 mg L À1 in the case of the extract Pa-A and from 5.5 to 88 mg L À1 in the case of the extract Pa-B were obtained. Two controls (in five replicates each) were also set. The plants were incubated for the following 96 h of the experiment at 25°C with continuous illumination (6000 lux).
Analyses of growth parameters
After the 96-h exposure, the following steps were performed: -The growth of the first frond (surface area in mm 2 ) of the exposed and control plants was determined from the photos of multi-well plates by using ImageJ and Microsoft Excel for the data treatment. The photos were taken with a digital camera at the start and at the end of the toxicity test. The inhibition of the growth of the exposed plants was evaluated considering the 96-h plant growth in the controls as 100%.
-The number of roots of each plant was counted directly.
-The total biomass (as fresh weight or FW) of each plant was measured after gentle drying with a filter paper and weighting. The FW was expressed to an accuracy of 0.0001 mg.
Analysis of chlorophyll a
-Each weighted plant was grinded with a glass spatula and then homogenised in 4 mL of 90% ethanol for 20 min at 20°C. The homogenate was centrifuged at 14 000 Â g for 10 min. The absorbance of the chlorophyll extract was measured at 665 and 750 nm with the SPECORD 40 spectrophotometer.
Data analysis
All of the data obtained in the bioassays were expressed as mean values (n = 5) ± standard error of the mean (SE). Significant differences among treatments were evaluated using one-factor analysis of variance (ANOVA). Pair-wise comparison of means was done using the Tukey test (p < 0.05).
Results
Perennial cyanobacterial blooms formed in the lake in different years were predominated by P. agardhii (Tab. 1). In the samples used in the presented study, cyanobacterial biomass accounted for about 99% of phytoplankton. The cyanobacterial biomass of the sample Pa-A consisted in 97% of P. agardhii and in about 3% of A. gracile and Dolichospermum spp. and the biomass of the sample Pa-B consisted in 95% of P. agardhii and in 5% of M. aeruginosa. An analysis of oligopeptides (including MCs) contained in those cyanobacterial bloom samples revealed, however, that their composition differed considerably (Tab. 2). The crude extract Pa-A was obtained from the biomass of cyanobacteria (1142 mg FW L À1 ), which were more effective MC producers (12.96 mg MCs mg À1 FW) than the cyanobacteria (sampled in another year), which contained only 0.20 mg MCs mg À1 FW (extract Pa-B) (Tab. 1). In the extract Pa-A, besides four MC variants, 10 oligopeptides belonging to two classes À anabaenopeptins (5) and aeruginosins (5) À were present, while in the extract Pa-B, three MCs and 14 other oligopeptides belonging to three classes À anabaenopeptins (7), aeruginosins (6), and one planktocyclin (syn. cyanopeptolin) À were found (Tab. 2). The extracts contained three common variants of MCs (derivatives of MC-RR, ÀLR, and ÀHtyR) and seven common other oligopeptides. They differed in [Ser7]MC-RR, present only in the extract Pa-A and the other 10 oligopeptides. For the first time, it has been documented that cyanobacterial extracts of a determined number and composition of oligopeptides (different from MCs) exerted toxic effects on the early stage of development of an aquatic plant. As shown in Figures 1 and 2 , both the cyanobacterial extracts and pure MC-LR inhibited the growth of the first frond of young S. polyrhiza. After the four-day exposure, the surface area of the first frond (Fig. 1) in the control plants ranged from 14.7 to 27.1 mm 2 , while at the highest concentrations of the extracts it was smaller and ranged from 11.4 to 20.3 mm 2 (Pa-A-exposed plants) and from 8.1 to 11.1 mm 2 (Pa-Bexposed plants). Pure MC-LR at the lower concentration used (332 mg L À1 ) inhibited the frond growth (Fig. 2a) to a similar extent (by approximately 30%-40%) as the extract Pa-A with an approximately four times higher concentration of MCs (containing also 10 other oligopeptides) and the extract Pa-B with an approximately 10 times lower concentration of MCs (containing also 14 other oligopeptides) (Figs. 2b and 2c) . A comparison of the two cyanobacterial extracts (Fig. 1) having different oligopeptide compositions indicated that the extract Pa-B with a lower MC concentration, but obtained from a higher cyanobacterial biomass (Tab. 1) exerted a stronger inhibitory effect on the growth of the first frond of the plant than the extract Pa-A with a considerably higher MC ]MC-RR detected. Total MC concentration was set as 100%. Data are expressed as means ± SD, n = 5.
concentrations but obtained from a smaller biomass of cyanobacteria.
As shown in Figures 3 and 4 , both cyanobacterial extracts and pure MC-LR affected the plant fresh biomass and the root system of young S. polyrhiza in a dose-dependent manner. Interestingly, the highest toxicity was observed in plants exposed to the extract Pa-B with lower MC concentrations but higher richness of the other oligopeptides (14). In plants exposed to pure MC-LR and the extract Pa-A containing considerably higher MC concentrations but a lower richness of the other oligopeptides (10), the toxic effects were less pronounced. As shown in Figure 5 , both cyanobacterial extracts and pure MC-LR exerted a lower toxic effect on the chlorophyll a content in young plants than on the development of their fronds and roots. A comparison of the toxic effects (Tab. 3) caused by the cyanobacterial extracts with different MC concentrations and oligopeptide composition, albeit obtained from two equal cyanobacterial biomasses (indicated by chlorophyll a) suggests an essential contribution of the oligopeptides other than MCs to the toxicity observed in young Spirodela. The inhibition of root development (by 45%-48%) was stronger than the decrease in the plant biomass (32%-34%), and both the effects did not correlate with the MC concentrations in the cyanobacterial extracts.
Discussion
Macrophyte communities play an essential role in the functioning of freshwaters; however, in eutrophic water bodies suffering from cyanobacterial blooms, their diversity and species richness is low. Only some species can survive under high phytoplankton biomass (Tarkowska-Kukuryk and Mieczan, 2017). The duckweed S. polyrhiza is a common species in the water bodies of the temperate climatic zone. The present study indicated that the test based on resting fronds, the turions of S. polyrhiza (Appenroth et al., 1996) , is a useful method for the evaluation of the acute toxicity of bloom samples containing a variety of cyanobacterial metabolites. The results obtained in our study clearly show that the mixture of cyanobacterial metabolites found in P. agardhii-dominated bloom samples after the 4-day exposure had a toxic effect on different components of the young S. polyrhiza growth: stronger on the frond and root development than on the chlorophyll a content in the plants. The observed inhibition of the young plants' development contributes to the better understanding of the impoverishment of macrophyte populations in cyanobacteria-dominated water bodies. As reported previously by Mathe et al. (2013) , the crude extracts of cyanobacteria containing an undetermined mixture of metabolites caused negative alterations in aquatic plant cells. Because of the genetic variability of the individual taxa of cyanobacteria, a range of numerous secondary metabolites exhibiting various biological activities can be produced (Welker and von Döhren, 2006; Kurmayer et al., 2016) . The populations of bloom-forming P. agardhii may consist of several chemotypes of different oligopeptide profiles composed of several variants of MCs, cyanopeptolins, anabaenopeptins, aeruginosins, and other metabolites (Rohrlack et al., 2008; Grabowska et al., 2014) as observed in our study as well. In eutrophic water bodies, usually, several species of cyanobacteria belonging to MC-producing genera Dolichospermum, Microcystis, and Planktothrix develop in mass in the same season (Pawlik-Skowrońska et al., 2013) . All of them produce a wide range of oligopeptides, including different variants of anabaenopeptins, aeruginosins and their glycosylated forms (aeruginosides), and cyanopeptolins (Shin et al., 1997; Welker et al., 2004; Rouhiainen et al., 2010) . As reported by Grabowska et al. (2014) , in the same water body, P. agardhii populations differing considerably in terms of their peptide profiles can occur.
In the present study, the cyanobacterial extract with a higher richness of oligopeptides that caused a stronger inhibition of young S. polyrhiza was obtained from the biomass of P. agardhii (95%) with 5% enrichment of Microcystis spp. It is probable that both species contributed to the production of the detected oligopeptides. Our results strongly suggested that the mixture of the detected cyanobacterial oligopeptides, other than MCs (anabaenopeptins, aeruginosins, and cyanopeptolin), contributed to the toxicity towards the early stage of the S. polyrhiza development and in the case of the first frond growth and root number to a greater extent than the pure MC-LR did (at the highest concentration used). Among the sets of peptides found in the biomasses tested in the present study, there were numerous enzyme inhibitors (Czarnecki et al., 2006; Welker and von Döhren, 2006; Mazur-Marzec et al., 2015) . Their cytotoxicity and inhibitory activity against proteases and protein phosphatases in animal organisms as well as in vitro against carboxypeptidases have been reported (Namikoshi and Rinehart, 1996 and references therein; Gkelis et al., 2006; Harms et al., 2016) . Thus far, no attention has been paid to the possible toxic effects of cyanobacterial oligopeptides other than MCs on aquatic plants, however, such effects have been reported for terrestrial plants (Mazur-Marzec et al., 2015) . It seems quite possible that some anabaenopeptins-carboxypeptidase A inhibitors (Harms et al., 2016) may be involved in the inhibition of the MC metabolism and their step-wise degradation in aquatic plants. As suggested by Pflugmacher et al. (2001) , the activity of carboxypeptidase is responsible for the Gly moiety cleavage from the cysteine-MCs conjugates, i.e., the intermediates in the MC metabolism in plants. Because of the lack of information on the accumulation and effects of cyanobacterial oligopeptides other than MCs on the aquatic plants, further studies are needed.
Conclusions
The composition of secondary metabolites produced by the cyanobacterial populations accounts for the extent of toxic effects exerted on the main components of aquatic plant development. The variability of the mixtures of oligopeptides (other than MCs) produced by different species/chemotypes of cyanobacteria is an essential factor contributing to the cyanobacterial toxicity towards aquatic plants. The germinated turions of S. polyrhiza can be used as a sensitive indicator of the cyanobacterial threat in aquatic ecosystems.
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